Far-field crustal movements before and after the 2011 Ms9. 0 Japan earthquake from GPS observations  by Guohua, Gu & Wuxing, Wang
Geodesy and Geodynamics 2011 ,2 ( 3) : 1 - 7 
http://www. jgg09. com 
Doi:10.3724/SP.J.1246.2011.00001 
Far-field crustal movements before and after the 2011 Ms9. 0 Japan 
earthquake from GPS observations 
Gu Guohua and Wang Wuxing 
Institute of Earthquake Science, China Earthquake Administration, Beijing 100036, China 
Abstract: The paper gives an analysis of the displacement time series before and after the March 11 , 2011 
Ms9. 0 east Japan earthquake and co-seismic displacements observed at continuous GPS stations in and around 
China. The results showed a broad-scaled related elastic-rebound process and some premonitory horizontal 
crustal movements to this earthquake over this vast area. 
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1 Introduction 
Crustal-movement monitoring aimed for earthquake pre-
diction has been carried out for a long time in Japan, 
where more than 1230 stations of continuous GPS ob-
servations were set up with intervals of 25 to 30 km , 
which is the densest in the world. A huge Ms9. 0 
earthquake occurred on March 11, 2011 under sea east 
of Japan, about 100 km away from the nearest GPS sta-
tion. The energy released by this earthquake is 32 
times that of the 2008 Ms8. 0 Wenchuan earthquake in 
China , but neither was predicted. The failure of pre-
dicting these two great earthquakes seems to justify the 
assertion that earthquakes are unpredictable and GPS is 
useless in earthquake prediction. To check this asser-
tion , we report in this paper a study of crustal move-
ments before and after this Japanese earthquake recor-
ded at continuous GPS stations in and around Chinese 
mainland, while most of the Japanese GPS data were 
not yet published. The Crustal Movement Observation 
Network of China ( CMONOC) was established under 
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the 9th Five-Year Plan, in which GPS was the main 
observation technique and the earthquake prediction 
the main aim. But in CMONOC there were only 25 ref-
erence stations of continuous GPS observations and 
1000 regional stations for repeated observations at an 
interval of 2 to 3 years. As the second phase of 
CMONOC, CMTEMN (China Mainland Tectonic Envi-
ronment Monitoring Network) was established under the 
11th Five-Year Plan. It consists of 260 stations of con-
tinuous GPS observations , some of which in neighbor-
ing countries , and 1000 new regional stations. The 
Wenchuan earthquake on May 12, 2008, occurred in an 
area of dense GPS stations of a regional network , in 
which observation was made 4 times before the event. 
Studies on data of GPS observations have been car-
ried out before and after the W enchuan earthquake , 
and they showed anomalous changes in total electron 
content ( TEC ) of the ionosphere and crustal move-
ments , especially in horizontal direction [ 1 - 7 l . Thus the 
failure of predicting the W enchuan earthquake does not 
mean that no precursory anomalies were detected by 
GPS observations. Likewise , according to a report of a 
Japanese news agency, on May 6, 2011, the commit-
tee of experts in seismology actually predicted in Feb-
ruary 2011 , that a great earthquake would occur along 
the coast from Miyasaki prefecture to Fukujima prefec-
ture, and warned that ' A huge tsunami will come a-
2 Geodesy and Geodynamics Vol. 2 
long with the earthquake' ; this prediction was submit-
ted to the government cabinet, but unfortunately did 
not draw substantial attention. 
2 Far-field crustal movements before 
and after the earthquake 
Soon after the earthquake , some co-seismic horizontal 
and vertical displacements were released at the web-
sites of the Institute of Geology, China Earthquake Ad-
ministration(http://www. eq-igl. ac. cn/)and the Ceo-
space Information Authority of Japan( http://www. gsi. 
go. jp/) , which also released two preliminary rapid so-
lutions of co-seismic displacements. The largest bori-
zontsl displacement and subsidence were 5. 3 m to-
wards southeast and 1. 2 m , respectively, at a station 
about 100 km from the epicenter in reference to station 
950388 in Japan. Also there were a nearly eastward 
horizontal displacement of 578. 5 mm and a subsidence 
of 86. 4 mm at the TSKB station, and a northeastward 
borizontsl displacement of 234. 9 mm and an uplift of 
9. 2 mm at the USUD station. These values are much 
larger than the co-seismic displacements of the Wen-
cbuan earthquake observed at comparable epicentral 
distances. 
The largest co-seismic horizontal and vertical dis-
placements recorded in China mainland were , repec-
tively, southeastward 36 mm at CBJL in Changbaishan 
of Jilin province and subsidence of 6. 7 mm at URUM 
in Urumqi of Xinjiang province. The southeastward 
displacement at the SUIY station in Heilongjiang prov-
ince was 32. 9 mm. 
In this paper, we processed the GPS data in differ-
ent periods using different global reference frames , 
such as IGS05 and IGS08, with the GAMIT/GLOBK 
software at the data center of CMONOC [SJ. Through 
similarity transformations, horizontal or vertical dis-
placements in the regional reference frame were ob-
tained[s.•J and used. The regional reference frame used 
in this study is in the stable eastern part of China, in-
cluding core stations of BJSH, BJFS, JIXN, YANC, 
WUHN and LUZH. The epicentral distances of the 
continuous GPS stations for the east Japan earthquake 
are listed in table 1 , and their locations are shown in 
figore 1 and figure 2. 
Table 1 Epicentral distances of the continuous GPS stations (unit: km) 
Station Distance Station Distance Station Distance Station Distance 
TSKB 314.4 JIXN 2162.4 XIAM 2746.8 KMIN 3945.3 
USUD 435.2 HLAR 2197.1 XIAA 3011.3 XIAG 4124.2 
SUIY 1202.0 TAIN 2253.8 YANC 3043.2 URUM 4490.4 
YSSK 991.0 BJSH 2271.1 LUZH 3531.2 IJIAS 4683. 1 
DAEJ 1359.8 BJFS 2303.2 XNIN 3545.3 WUSH 5176.2 
SUWN 1370.0 TWTF 2477.6 DXIN 3574.9 TASH 5588.1 
CHUN 1568.9 WUHN 2698.8 QION 3750.6 
SHAO 2095.3 GUAM 2704.1 Dl.HA 3884.9 
Table2 Co-seismic horizontal displacemeots observed at tbe GPS stations (unit: mm) 
Length Length Length 
E-comp- N-comp- of the E-comp- N-comp- of the E·comp- N-comp- of the Station horizontal Station horizontal Station horizontal 
onent onent displacement onent oneot displacement onent oneot displacement 
vector vector vector 
TSKB 597.3 46.7 599.1 URUM -6.1 -8.4 10.4 XIAM 1.0 2.4 2.6 
USUD 229.2 59.9 236.9 CHUN 9.7 -2.9 10.1 KMIN -2.0 -1.7 2.6 
SUIY 20.0 -10.9 22.8 LHAS -1.7 -7.0 7.2 WUHN -0.5 2.5 2.5 
SUWN 18.3 6.4 19.4 DXIN -5.0 -4.1 6.5 JIXN 2.1 0.8 2.2 
DAEJ 16.7 8.3 18.6 DIJIA -3.7 -4.4 5.7 LUZB -1.2 -1.8 2.2 
KIT3 -4.6 -14.3 15.0 YYSK -7.2 7.7 10.5 QION 1.8 -0.1 1.8 
POI2 -4.2 -12.9 13.6 KUNM -3.7 -2.7 4.6 XIAA -1.2 -1.0 1.6 
GUAM 2.7 12.6 12.9 XNIN -3.2 -3.0 4.4 BJSH 1.5 -0.2 1.5 
TASH -4.5 -11.3 12.2 XIAG 0.0 -3.9 3.9 BJFS 1.1 0.2 1.1 
WUSH -4.9 -9.9 11.0 YANC -2.6 -2.0 3.3 GUAN 0.2 0.1 0.2 
SELE -1.9 -10.4 10.6 TAIN 1.3 2.5 2.8 
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Table 3 Co-seismic vertical displacements observed at the GPS stations ( nnit: mm) 
upward upward 
Station vertical Station vertical 
displacement displacement 
TSKB -87.8 DLHA -7.7 
LHAS -10.0 LUZH -7.2 
POI2 -9.8 WUHN -6.9 
XIAG -9.6 DXIN -5.1 
KMIN -8.6 XNIN -5.0 
KUNM -8.6 GUAN -4.3 
SELE -8.6 URUM -3.4 
KIT3 -8.2 XIAA -2.9 
TASH -8.0 QION -2.7 
We used two-week solutions, one before and one af-
ter the earthquake , to obtain the co-seismic displace-
ments in the regional reference frame (Tab. 1 , Tab. 2, 
Fig. 1 and Fig. 2) . The largest horizontal and vertical 
displacements in Chinese mainland are the southeast-
ward displacement of 22. 8 mm at SUIY and subsidence 
of 10. 0 mm at LHAS in Lhasa, Tibet. In Japan they 
were northeastward horizontal displacement of 599. 1 
mm and subsidence of 87. 8 mm at the TSKB station, 
and northeastward horizontal displacement of 236. 9 
mm and uplift of 12. 9 mm at the USUD station. The 
differences between these and the previously mentioned 
results are due to the use of different software and algo-
rithms, and different reference frames for the displace-
ment solutions. More consistent results can be obtained 
so·E 1oo·E 
upward upward 
Station vertical Station vertical 
displacement displacement 
TAIN -2.2 XIAM 0.3 
DAEJ -2.0 BJSH 1.7 
SUWN -1.8 ULAB 4.9 
YANC -1.8 GUAM 6.4 
CHUN -1.4 USUD 12.9 
JIXN -1.3 YSSK -2.3 
BJFS -1.3 
WUSH -0.9 
SUIY -0.3 
through similarity transformation. 
The co-seismic displacements appeared almost in-
stantaneously at many stations in the form of steps , 
manifesting clearly a rapid release of elastic energy ac-
cumulated in a large area during the earthquake prepa-
ration. However, regarding the existence of precursory 
crustal movement there have been different opinions. 
Studies on the W enchuan earthquake showed some 
clear evidence for such existence[!] , and this earth-
quake , which occurred 3 years later, was a rare 
chance to test whether this is the case also. 
So far there has been no report of pre-earthquake a-
nomalous crustal movements detected at GPS stations in 
Japan. Analysis on the displacement time series and 
co-seismic displacements at reference GPS stations in 
aJAM 
__ _..;w.Omm 
Vector-scale 
120•E 140•E 
Figure 1 Co-seismic horizontal displacements of the earthquake at GPS stations in and around China. The scale for 
the two Japanese stations is 10 time smaller than that for the other stations, shown at the right bottom of the figure 
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Figure 2 Co-seismic vertical displacements at GPS stations in and around China. 
The scale is shown at the right bottom of the figure 
Chinese mainland and IGS stations in South Korea, Ja-
pan and central Asia shows that there were anomalous 
pre-earthquake crustal movements and that the co-seis-
mic displacements were the elastic rebound of the pre-
seismic displacements. Figures 3 to 6 show time series 
of various displacement components at several stations 
during 1999 -2011, and the red dashed vertical lines 
in the figures indicate times of several strong earth-
quakes, including the Kunlunshan earthquake of 
Ms8. 1 on Nov. 14, 2001, the Bachu earthquake of 
Ms6. 8 on Feb. 24, 2003 in Xinjiang province, Chi-
na, the Indonesia earthquake of M s9. 3 on Dec. 26 , 
2004, the Pakistan earthquake of Ms7. 8 on Oct. 8 , 
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Figure 3 Time series of east displacement component at 
stations YANC, SUIY, TSKB, USUD and YSSK. Arrows 
indicate the co-seismic displacements with TSKB shifted 
ahead a little for better visibility 
2005, the Yutian earthquake of Ms7. 3 on Mar. 22, 
2008, in Xinjiang province, China, the Wenchuan 
earthquake of Ms8. 0 on May 12, 2008, the Yushu 
earthquake of Ms7. 3 on Apr. 14, 2010 in Qinghai 
province, China and the east Japan earthquake. There 
are some missing data in these figures , but this does 
not affect the analysis in this paper. 
The westward velocity of 40 mm/ a at station GUAM 
in the Pacific Ocean in figure 1 or figure 2 , shows an 
intensive westward subduction of the Pacific plate , 
which is the cause of the occurrence of this earth-
quake. Figures 3 and 4 show dominant westward move-
ments at stations in Japan, South Korea and northeast 
China before the earthquake. The TSKB and USUD 
Figure 4 Time series of east displacement component at 
stations YANC, SUIY, DAEJ, SUWN, HLAR and 
CHUN. Arrows indicate co-seismic displacements 
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stations moved westward at velocities of about 30 
mm/ a, but their northward movements and co-seismic 
displacements were both relatively small. Figures 3 to 
5 show anomalous displacements in both E and N com-
ponents at most of the stations shortly before the Wen-
chuan earthquake. With exception of YANC, figures 3 
and 4 show rapid northward displacements first , and 
then slow southward displacements at relatively far sta-
tions. The stations CHUN and HLAR moved rapidly 
westward at first and then slowly eastward. Except 
small displacements in N component at TSKB and 
USUD , the co-seismic displacements were all in oppo-
site direction to the anomalous pre-seismic displace-
ments. 
Station SUIY at an epicentral distance of 1202 km is 
the closest station in Chinese mainland and continental 
Asia to the earthquake. The anomalous amplitude of 
the E component here was about 15 mm, which is not 
surprising in view of the case of the Wenchuan earth-
quake. However, since there were only 3 continuous 
GPS stations in north China, it was not reasonable to 
take these anomalous pre-earthquake changes at these 
stations into account in our data analysis, even though 
the pre-earthquake displacements at SUIY and CHUN 
were probably precursory crustal movements. In our 
data review, we have used IGS stations in Japan and 
South Korea occasionally. 
Before the earthquake, some long-term displacement 
changes at the GPS stations in the eastern part of Chi-
nese mainland were identified. A typical example is 
the YANC station at Yanchi, Ningxia, at an epicentral 
0,~,~~-.~~-.~~-,-,~-,~Y~A~N~C~N~,-~ 
19992000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 
Time(year) 
Figure 5 Time series of north displacement component at 
stations YANC, TSKB, USUD, YSSK, SUIY, DAEJ, SUWN, 
HLAR and CHUN. Arrows indicate co-seismic displacements 
distance of 3043. 2 km. Here the east displacement 
component was quite small before the W enchuan earth-
quake, then there was an obvious long-term change of 
only 8 mm ( Fig. 4 or Fig. 6) , while the north compo-
nent remained nearly unchanged ( Fig. 5 ) . Since the 
core stations of the regional reference frame are in the 
stable eastern part of Chinese mainland , the small anom-
alous displacements observed here is not unexpected. 
Figure 6 and figure 7 show time series of east 
displacement component at stations of XNIN, DLHA, 
XIAA, DXIN, URUM, WUSH, TASH in northwest 
China and KIT3 , SELE and POI2 in central Asia. Be-
sides the earlier appearance of the anomaly at YANC, 
fairly significant anomalies with eastward displacements 
or eastward compression appeared simultaneously at 
these stations after the Yushu earthquake of Ms7. 3 on 
Figure 6 Time series of east displacement component at 
stations YANC, XNIN, DLHA, XIAA and DXIN. 
Arrows indicate co-seismic displacements 
180,-_L~~~~~_L~+-~~~~~~~~~~ 
M8:1 M6:8 M9.:i Mj.s M7.3.Ms.o M?.1 M9.o 
' ' .. ~ .. ': !'\~·/{..:..;./~·\"-.:-;; ... ~~ E/!"':-1~· 
80 
w ~ ~ 
60 ' ; ·~." ··~·· ·~ •. ~.AIOL2 E ·y {' 
-.-:. ... ;:. 'I "".:.. 
50 ·'~ "\•/tA~"R-/'::t: 
:~ ·-<"'···~~p~~..,.~-"-<-..l''-".._,.._..._ .. ,.,.~-.... -;;;£;~1·\\~ 
20~,-~~.-~~.-~~.--,~~-,~~--~ 
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 
Time(year) 
Figure 7 Time series of east displacement component at 
stations YANC, URUM, TASH, WUSH, KIT3, SELE 
and POL2. Arrows indicate co-seismic displacements 
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Apr. 14, 2010. The amplitudes of the anomalies at 
URUM and WUSH were about 10 - 15 mm. The dis-
placements slowed down or even changed direction 
shortly before the east Japan earthquake; they also 
changed co-seismically and returned rapidly to the pre-
seismic levels after the earthquake. These anomalous 
changes were clearly related with the east Japan earth-
quake. At XIAA, however, there was no co-seismic 
displacement, as in the case of the Wenchuan earth-
quake[']. 
Although anomalies may be identified at some con-
tinuously-observing stations, such stations in northeast 
China were few; also the observed anomalous changes 
in eastern Chinese mainland were small, and no signif-
icantly anomalous changes were observed at stations in 
northwest China and central Asia in previous cases. 
Thus , it is difficult to assess the development of earth-
quake activities in Chinese mainland , not to mention 
that outside of China, based on such data alone. 
Co-seismic vertical displacements of the east Japan 
earthquake were significantly smaller than horizontal. 
As shown in table 3 , the co-seismic subsidence was 
less than 10 mm, except at the TSKB station, and the 
uplift at USUD was ouly 12. 9 mm. On account of the 
small vertical displacements as well as annual varia-
tions[9J , the far-field vertical elastic rebound was not 
significant for this earthquake. However, at TSKB the 
annual variation disappeared a year before the earth-
quake ; this disappearance could be a precursory 
change to the earthquake. In comparison, no co-seis-
mic vertical displacements of the Wenchuan earthquake 
were observed at stations in far field. 
Judging from the above-mentioned analysis on the re-
sults of continuous GPS observations for the east Japan 
earthquake , we expect that precursory crustal move-
ments to this earthquake may have been observed by 
the GPS network in Japao. 
3 Discussion and conclusions 
The east Japan earthquake was the largest earthquake 
that occurred near Chinese mainland in recent years. 
Having not obtained data from the Japaoese network of 
GPS stations , which is the densest in the world , we 
tried to analyze the crustal movements before and after 
this event based on limited number of GPS stations in a 
vast area to look for precursors to this earthquake. Our 
results show consistent displacements at GPS stations in 
the same block or region, and interaction between dif-
ferent plates or blocks. 
Shortly before the Wencbuan earthquake on May 12, 
2008 , aoomalous westward displacements appeared at 
GPS stations in northeast China and IGS stations in 
South Korea aod Japao; also some northward rapid dis-
placements showed up at first, then some slow south-
ward movements. 
Mter the Yushu earthquake of Ms7. 3 on Apr. 14, 
2010, in China, some rare anomalous eastward move-
ments showed up at GPS stations in northwest China 
and central Asia; shortly before the east Japan earth-
quake the displacements either remained unchanged or 
changed direction. There were also significant co-seis-
mic changes in this horizontal component. Thus the 
GPS stations in northwest China aod central Asia 
showed rather obvious changes closely related to this 
earthquake , even though they were located at large ep-
icentral distances. 
Both Wenchuao and east Japan earthquakes con-
firmed the elastic rebound theory at a large scale. Both 
earthquakes showed precursory horizontal crustal move-
ments, which were much larger for the Japanese earth-
quake. On the other band, the co-seismic vertical dis-
placements of this event observed at stations far from its 
epicenter are small in general, and there were no signif-
icant pre-seismic changes except at certain individual 
nearby stations. 
Both earthquakes showed that GPS might be a pow-
erful technique for detecting precursory crustal move-
ments , and that great earthquakes can probably be pre-
dicted. It is regrettable that analysis on the results of 
GPS observations in Japao did not meet the demand in 
earthquake predictions , that related researches had 
been weakened in recent years under the influence of 
the assertion that earthquake prediction is impossible , 
and that no one in Japan had expected that a huge 
earthquake of magnitude 9. 0 could occur in Japan. It 
is a grave lesson that the densest network of continuous 
GPS stations in the world did not fulfill its potential in 
predicting such a huge earthquake. 
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